Summary Two compounds are known as the vitamin niacin: nicotinic acid (NiA) and nicotinamide (Nam). The physiological functions and metabolic fates of NiA and Nam are identical, but differ when pharmacological doses are administered. Our study aimed to investigate the metabolic interactions between NiA and Nam when their pharmacological doses were administered together. We measured seven major niacin catabolites, including NiA, Nam, N 1 -methylnicotinamide (MNA), N
The physiological functions and fates of nicotinic acid (NiA) and nicotinamide (Nam), the precursors of NAD and NADP, are identical because the liver quickly uptakes all ingested NiA within a range of physiological amounts, after which NiA is converted into Nam via NAD and Nam is delivered into the blood stream (1). However, the pharmacological functions and fates are not identical; for example, the administration of a large amount of NiA can reduce high blood cholesterol levels, whereas Nam cannot (2, 3). Further, Nam, unlike NiA, prevents streptozotocin-induced diabetes (4, 5), and the feeding of large amounts of Nam to young rats inhibits body weight gain, while NiA has no effect (6-9). Therefore, the metabolic fates of pharmacological doses of NiA and Nam differ (10) .
The principal route of niacin (used as a generic name for NiA and Nam) metabolism in rats and humans is via methylation to form N 1 -methylnicotinamide (MNA), which can be further metabolized to N 1 -methyl-2-pyridone-5-carboxamide (2-Py) and N 1 -methyl-4-pyridone-3-carboxamide (4-Py) (11) (12) (13) (14) (15) . These metabolites can be directly and accurately measured by high-performance liquid chromatography (HPLC) (16, 17) . In addition, we developed HPLC methods to measure NiA and its catabolites NuA (18) and Nam N-oxide (19) . Previously, we clarified that the metabolic fates of NiA and Nam differed when their pharmacological doses were intraperitoneally injected into rats (10) . We reported that a pharmacological dose of Nam yielded increases in the MNA and Nam N-oxide levels, while a pharmacological dose of NiA yielded an increase in the level of NuA, which is a conjugation of NiA and glycine (10). As described above, when rats were fed a physiological dose of NiA or Nam, these fates were identical (1). The characteristic finding was that NiA by itself could not be detected even when a diet containing NiA was fed to rats.
The difference in the metabolic fate of NiA between intraperitoneally injected pharmacological doses of NiA and dietary physiological doses of NiA may be the route of administration (intraperitoneal versus oral), because large differences in the physiological role of 3-acetylpyridine have been reported in response to intraperitoneal and oral administration. 3-Acetylpyridine is a poison when administered intraperitoneally, while it is a nutrient with niacin activity when administered orally (20, 21) . In the present study, we compared the metabolic fates of orally administered pharmacological doses of NiA and Nam and a combination of these compounds in rats. In addition, we investigated the effects of excess NiA and Nam on the metabolism of l-tryptophan (l-Trp)→quinolinic acid (QA).
MATERIALS AND METHODS
Chemicals. Vitamin-free milk casein, sucrose, and l-methionine were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Corn oil was obtained from Ajinomoto (Tokyo, Japan). Gelatinized cornstarch, 1 -methyl-2-pyridone-5-carboxamide (2-Py), N 1 -methyl-4-pyridone-3-carboxamide (4-Py), Nam N-oxide, and nicotinuric acid (NuA). Under physiological conditions, niacin is chiefly catabolized to 4-Py via MNA. However, this was not the primary pathway when rats were fed a diet containing excess niacin. When rats were fed a diet containing excess NiA, NuA was the major catabolite, and on being fed a diet containing excess Nam, MNA was the major catabolite. When rats were fed a diet containing an excess of both NiA and Nam, MNA and NuA were the major catabolites. The metabolic fates of excess NiA and Nam did not mutually interfere. Therefore, the administration of NiA and Nam together may be better than the administration of NiA or Nam alone because different pharmacological effects are expected. Key Words nicotinic acid, nicotinamide, niacin catabolites, nicotinuric aid, nicotinamide N-oxide E-mail: kshibata@shc.usp.ac.jp a mineral mixture (the AIN-93G mineral mixture) (22) , and a vitamin mixture (a NiA-free AIN-93 vitamin mixture with 25% choline bitartrate) (22) were obtained from Oriental Yeast Co., Ltd. (Tokyo).
l-Trp, anthranilic acid (AnA), QA, Nam, NiA, and Nam N-oxide were purchased from Wako. Kynurenine sulfate, MNA chloride, xanthurenic acid (XA), kynurenic acid (KA), and 3-hydroxyanthranilic acid (3-HA) were obtained from Tokyo Chemical Industry (Tokyo, Japan). 2-Py and 4-Py were synthesized using the methods of Pullman and Colowick (23) and of Shibata et al. (17) , respectively. All other chemicals were of the highest purity available from commercial sources.
Animals, diets, and treatments. The care and treatment of the experimental animals conformed to the University of Shiga Prefecture guidelines for the ethical treatment of laboratory animals.
Seven-week-old male Wistar rats were obtained from Values are means6standard error (SE) for 5 rats. The significance of the differences in the means among groups was determined by one-way ANOVA followed by Tukey's post-hoc analysis for comparisons among the groups. Differences with p,0.05 were considered to be statistically significant. Labeled means in a column without a common letter differ with p,0.05.
CLEA Japan, Inc. (Tokyo) and were immediately placed into individual CT-10 metabolic cages (CLEA Japan). The animal room was maintained at approximately 22˚C, with approximately 60% humidity and a 12-h light/dark cycle. The rats were initially fed ad libitum for 7 d with a 20% casein diet (Table 1) to acclimate them to these conditions. Body weight and food intake were measured daily at approximately 09:00 h. Food and water were replaced daily. The rats were then divided into four groups and fed ad libitum one of the following diets: 20% casein diet (used as the control group), the control diet10.5% NiA diet, the control diet10.5% Nam diet, or the control diet10.25% NiA10.25% Nam (Table 1 ). The rats were fed at 09:00, the time designated for the start of the experiment; that is, the experiment elapsed time was 00:00 on day ( Measurement of l-Trp metabolites. Nam, 2-Py, and 4-Py were simultaneously measured by HPLC and so were XA and 3-HA (17, 24). MNA, KA, Nam N-oxide, and AnA were also measured by HPLC (16, 19, 25, 26) . QA and 3-HK were converted to fluorometric compounds and then measured by HPLC (27, 28) . NAD (NAD 1 1NADH) (29) and NADP (NADP 1 1NADPH) (30) were measured according to enzymatic cycling methods.
Statistical analysis. Each value is expressed as the mean6standard error (SE). The statistical significance was determined by one-way ANOVA followed by Tukey's multiple-comparison test. p,0.05 was considered statistically significant. GraphPad Prism software, version Values are means6SE for 5 rats. The significance of the differences in the means among groups was determined by one-way ANOVA followed by Tukey's post-hoc analysis for comparisons among the groups. Differences with p,0.05 were considered statistically significant. Labeled means in a column without a common letter differ with p,0.05. Values are means6SE for 5 rats. The significance of the differences in the means among groups was determined by one-way ANOVA followed by Tukey's post-hoc analysis for comparisons among the groups. Differences with p,0.05 were considered to be statistically significant. Labeled means in a column without a common letter differ with p,0.05.
5.0 (GraphPad Software, San Diego, CA) was used for all statistical analyses. Figure 1 and Table 2 show the basal nutritional variables in the present experiment. No effect of food intake was evident during the experiment when rats were fed the diets containing NiA alone, Nam alone or a combination of NiA and Nam (Fig. 1A) . Compared with the control, body weight gain was not affected in rats that were fed the diets containing 0.5% NiA or a combination of 0.25% NiA and 0.25% Nam, while body weight gain was reduced in rats that were fed the diet containing 0.5% Nam (Fig. 1B) . The liver and kidney weights were nearly identical among the groups (Table 2) .
RESULTS

Food intake and body weight
Total Nam, NAD, and NADP levels
The total Nam (free form of Nam1NAD1NADP), NAD, and NADP levels in the blood, liver, and kidney in rats that were fed the diets containing NiA, Nam, and a combination of NiA and Nam are shown in Table 3 .
Compared with the levels in the control group, the total Nam concentrations in the blood, liver, and kidney increased in rats that were fed the diets containing NiA, Nam, and a combination of NiA and Nam. The highest value was attained when the rats were fed the diet containing 0.5% Nam.
The NAD concentrations in the blood, liver, and kidney also increased with the diets containing NiA, Nam, and a combination of NiA and Nam. The highest value was attained when the rats were fed the diet containing 0.5% Nam.
The increases in NADP concentrations in the liver and kidney were weak in response to the diets containing NiA, Nam, and a combination of NiA and Nam. However, the blood NADP concentrations increased in response to the diets containing NiA, Nam, and a combination of NiA and Nam.
Urine levels of l-Trp→QA metabolites Table 4 shows the effects of excess NiA, Nam, and a combination of NiA and Nam on the metabolism of l-Trp→QA on the last day of the experiment (d 30). The rats fed diets with excess NiA and Nam had increased urinary excretion levels of AnA, while the diets containing excess NiA, Nam, and a combination of NiA and Nam did not affect the urinary excretion levels of KA, XA, or 3-HA. However, the urinary excretion level of QA was higher in response to the 0.5% NiA diet than in the control and rats fed 0.5% Nam diet. The urinary excretion of QA was periodically measured (Fig. 2) . One interesting phenomenon was that the increase in the urine QA level in response to excess NiA administration was observed on d 7 and maintained throughout the experiment. ACMSD activity in the liver and kidney QA formation is controlled by 2 enzymes, 3-HA 3,4-dioxygenase (3-HADO) and aminocarboxymuconatesemialdehyde decarboxylase (ACMSD). 3-HADO catalyzes the reaction of 3-HA→aminocarboxymuconate-semialdehyde (ACMS), and ACMSD catalyzes the reaction of ACMS→aminomuconate-semialdehyde (AMS). ACMS is a very unstable compound, and therefore ACMS spontaneously cyclizes to form QA if ACMSD activity is weak. Thus, QA formation has an inverse relationship with ACMSD activity. This enzyme activity is detected only in the liver and kidney (31). We measured Fig. 2 . Periodic changes in urine QA levels in rats fed a diet containing pharmacological amounts of NiA, Nam, or NiA1Nam. The rats were fed a 20% casein diet (control group, ), 20% casein diet10.5% NiA (), 20% casein diet10.5% Nam (), or 20% casein diet10.25% NiA10.25% Nam () for 30 d. Twenty-four-hour urine samples were collected on d 0, 7, 14, 21, and 30. Values are means6SE for 5 rats. The significance of the differences in the means among the groups on the last day was determined by one-way ANOVA followed by Tukey's post-hoc analysis for comparisons among the groups. Differences with p,0.05 were considered statistically significant. Labeled means in a column without a common letter differ with p,0.05. Values are means6SE for 5 rats. The significance of the differences in the means among groups was determined by one-way ANOVA followed by Tukey's post-hoc analysis for comparisons among the groups. None of these differences were statistically significant.
the ACMSD enzyme activity ( Table 5 ) and found that it was not affected by the administration of NiA, Nam, or a combination of NiA and Nam. Urine metabolites of NiA, Nam, and their catabolites Table 6 shows the effects of NiA, Nam, and a combination of NiA and Nam on the urinary excretion of NiA, Nam, and their catabolites. The percentages of excreted urinary NiA and Nam and their metabolites against the intake of NiA or Nam on the last day of the experiment (d 30) are also shown.
Proposed metabolic fates of pharmacological amounts of NiA and Nam are shown in Fig. 3 . The 0.5% NiA diet caused high urinary excretion of NiA and NuA. For NiA, 42% of the dose was excreted in the urine, and for NuA, 24% was excreted. Thus, the major NiA catabolite in rats that were administered excess NiA was NuA, which is generated from NiA and glycine via nicotinyl-CoA (32) and is not a normal niacin catabolite. The excretion levels of MNA, 2-Py, and 4-Py, which are normal niacin catabolites, were only slightly increased.
The 0.5% Nam diet caused high urinary excretion of Nam and MNA. For Nam, 23% of the dose was excreted in the urine, and for MNA, 26% was excreted. Thus, the major Nam catabolite in rats that were fed excess Nam was MNA, which is generated from Nam and S-adenosylmethionine (33) and is a normal niacin catabolite. Excretion of the other normal catabolites, 2-Py and 4-Py, was slightly increased by the administration of Nam. The characteristic catabolite of excess Nam was Nam N-oxide.
The rats that were fed a combination of 0.25% NiA and 0.25% Nam had increased amounts of excreted Nam, MNA, NiA, and NuA, of which MNA was the major metabolite. Figure 4 shows periodic changes in the urine levels of Nam, MNA, 2-Py, and 4-Py, which are physiological catabolic metabolites of Nam (1, 9, 10, 14) . In contrast, NiA, NuA, and Nam N-oxide were detected in the urine only when rats were fed a diet containing a physiological amount of Nam or NiA (10, 14) . Changes in the urine levels of Nam, MNA, 2-Py, and 4-Py were observed on d 7 and were maintained throughout the experiment.
DISCUSSION
Two compounds, NiA and Nam, are known as the vitamin niacin. The physiological functions of niacin include its role as the coenzymes NAD and NADP. The preferred precursor form of NAD and NADP was Nam because the concentrations of NAD and NADP in the blood, livers, and kidneys were higher in the rats that were fed the diet containing 0.5% Nam, compared with those that were fed the diet containing 0.5% NiA.
The metabolic pathway of NiA under physiological conditions is NiA→NiA mononucleotide (NaMN)→NiA adenine dinucleotide (NaAD)→NAD→Nam→MNA→2-Py and 4-Py. The reaction Nam→NiA does not occur under physiological conditions (1). Therefore, the metabolic fate of physiological amounts of dietary NiA is identical to the fate of Nam. In contrast, the present urine data show that excess NiA and excess Nam are metabolized independently; NiA→NuA and Nam→MNA. When excess amounts of NiA and Nam were intraperitone- Values are means6SE for 5 rats. The significance of the differences in the means among groups was determined by one-way ANOVA followed by Tukey's post-hoc analysis for comparisons among the groups. The differences with p,0.05 were considered statistically significant. Labeled means in a column without a common letter differ with p,0.05.
ally injected, Nam N-oxide was also a major metabolite (10); however, when Nam was fed orally, as in the present experiment, Nam N-oxide was not a major metabolite. The reaction Nam→Nam N-oxide would occur only when higher concentrations of Nam accumulated in cells, as was observed with intraperitoneal injections of large amounts of Nam and NiA (10). Nam is biosynthesized from l-Trp in the liver (31, 34) . We investigated whether excess NiA, excess Nam, or a combination of excess NiA and Nam would affect the proximal metabolites of l-Trp such as AnA, KA, XA, 3-HA, and QA. Our findings showed increases in urine levels of AnA and QA. To us, an interesting phenomenon was the increase in urine QA levels because QA is metabolized to NaMN in the presence of 5-phosphoribosyl-1-pyrophosphate (PRPP). PRPP is also used when NiA and Nam are metabolized to NaMN and Nam mononucleotide (NMN), respectively. Therefore, an increase in urine QA levels may reflect a lack of PRPP in cells. PRPP is a rate-limiting substrate in purine-based biosynthesis and is also a necessary compound for pyrimidine nucleotide synthesis; these pathways may also affect DNA and RNA syntheses in response to the excess administration of NiA and Nam, particularly Nam. In the present experiment, we found that excess Nam was primarily methylated to form MNA, which could cause a lack of S-adenosylmethionine and methionine. Handler and Dann (6) reported in 1944 that excess Nam inhibited rat growth, and this growth reduction was rescued by a diet with added methionine. Excess Nam has been confirmed to inhibit rat growth, but the rescue via methionine administration has not been confirmed yet. This re-verification experiment is necessary. Excess NiA was primarily catabolized to NuA, which is formed by CoA from NiA and glycine (32) . In the present study, although excess NiA did not yield a reduction in body weight, the addition of extra glycine to a diet with excess NiA may be preferable for improving nutritional conditions.
For the physiological catabolic metabolites of niacin such as Nam, MNA, 2-Py, and 4-Py, the catabolic changes in response to NiA or Nam administration occurred up When rats were fed the diet containing 0.5% NiA, on the last day of the experiment (d 30) 42% of the ingested NiA was eliminated into the urine as NiA itself, 24% as NuA, 4% as MNA, and others at rates of approximately 2%. When rats were fed the diet containing 0.5% Nam, 26% of the ingested Nam was eliminated into the urine as MNA, 23% as Nam itself, 5% as Nam N-oxide, and others at rates of 2-3%. When rats were fed the diet containing 0.25% NiA and 0.25% Nam, 23% of the ingested NiA and Nam was eliminated into the urine as MNA, 14% as NuA, 12% as Nam, 5% as Nam, and others at rates of approximately 2%. Excess Nam was catabolized to MNA and Nam N-oxide, and the Nam→NiA reaction was weak. As the urine MNA levels were nearly identical between the groups that were fed diets containing 0.5% Nam and a combination of 0.25% NiA and 0.25% Nam, the methylation pathway could have been saturated by the diet containing 0.25% Nam, thus leading to a weak methylation pathway. The major fate of excess NiA was conjugation with glycine to form NuA, but not to form Nam via NAD, because the amounts of Nam, MNA, 2-Py, and 4-Py were not increased to a large extent. Thus, the NiA→NaMN→NaAD→NAD→Nam pathway was weak. The pharmacological functions of NiA and Nam differ; NiA can improve the nutritional status of lipid (2, 3, 35) and Nam can prevent streptozotocin-induced diabetes in experimental animals (4, 5). The fates of a combination of excess NiA and Nam had no mutual affect, and the two compounds were independently catabolized. The expected pharmacological effects of NiA and Nam are different (2-5), and thus the combined administration of NiA and Nam may be better than the administration of individual NiA or Nam.
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